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Carbon nanotips have been synthesized from a thin carbon film deposited on silicon by
bias-enhanced hot filament chemical vapor deposition under different process parameters. The
results of scanning electron microscopy indicate that high-quality carbon nanotips can only be
obtained under conditions when the ion flux is effectively drawn from the plasma sustained in a
CH4+NH3+H2 gas mixture. It is shown that the morphology of the carbon nanotips can be
controlled by varying the process parameters such as the applied bias, gas pressure, and the NH3 /H2
mass flow ratios. The nanotip formation process is examined through a model that accounts for
surface diffusion, in addition to sputtering and deposition processes included in the existing models.
This model makes it possible to explain the major difference in the morphologies of the carbon
nanotips formed without and with the aid of the plasma as well as to interpret the changes of their
aspect ratio caused by the variation in the ion/gas fluxes. Viable ways to optimize the plasma-based
process parameters to synthesize high-quality carbon nanotips are suggested. The results are
relevant to the development of advanced plasma-/ion-assisted methods of nanoscale synthesis and
processing. © 2009 American Institute of Physics. DOI: 10.1063/1.3112025
I. INTRODUCTION
Since the discovery of carbon nanotubes in 1991,1 vari-
ous carbon-based nanomaterials, such as nanodiamond, car-
bon nanowalls, nanocoils, nanowires, and nanotips,2–6 have
attracted a great deal of attention due to their highly unusual
structures and properties that made them remarkably differ-
ent from bulk materials or continuous thin films. In particu-
lar, carbon nanotips CNTPs recently attracted significant
interest owing to their unique structure, excellent mechanical
and electronic properties, and a broad range of applications
such as tips for scanning probe microscopy, nanoindenters,
and electron field emitting devices.7 As such, CNTPs are
widely considered as viable practical alternatives to carbon
nanotubes and related quasi-one-dimensional
nanostructures.8–15 The ability to control the rigidity, tip ra-
dii, aspect ratios, surface density and morphology, and some
other properties of the CNTPs is one of the key requirements
of the envisaged applications.8–12
To date, CNTPs have been successfully synthesized by
using plasma-enhanced chemical vapor deposition PECVD
with or without catalyst assistance.16–23 The nanotips can
also be formed by plasma-assisted reactive chemical etching
through micro-/nanoporous masks.20,24 It is noteworthy that
PECVD systems are widely and commonly employed to syn-
thesize a variety of carbon-based nanomaterials and are re-
garded as versatile nanofabrication tools.25,26 However, de-
spite a relatively large number of experimental and
theoretical reports on various aspects of synthesis of CNTPs
and related nanostructures, the formation mechanism of the
CNTPs is not completely understood.16,17,21,27–30 In particu-
lar, reliable knowledge of common underlying control
mechanisms in a large variety of existing processes and tech-
niques will be indispensable on the way to deterministic
nanoscale synthesis and processing.31 Theoretical interpreta-
tion of specific experimental observations e.g., nanostruc-
ture self-sharpening, self-organization in two-dimensional ar-
rays, shape selection, changes of growth rates during the
process, etc. is one of the most effective approaches in this
regard.16,21,32
Indeed, the existing reports include microwave, radio
frequency, hot filament, and some other modifications of the
PECVD. All these processes have their own particular fea-
tures and windows of process parameters where nanostruc-
ture formation is possible. However, there is one common
thing for all these processes, namely, the role of ion fluxes,
which plays a significant role in surface activation, additional
heating of nanostructures, production of building units on the
surface, enhancement of surface diffusion, and several other
processes.11,25,26,32 Under typical conditions of PECVD of
CNTPs, the ion fluxes can exceed the fluxes of neutral spe-
cies even under conditions when the degree of precursor gas
ionization is low.33 The elementary processes involved in the
formation of CNTPs in low-pressure nonequilibrium plasmas
are reasonably well understood due to recent experimental,
theoretical, and numerical simulation studies.7,21,23,27–29,31,33
However, the process of plasma-assisted hot filament
synthesis of CNTPs, which features significantly higher gas
feedstock pressures and quite possibly, ion fluxes,17,30 still
requires adequate interpretation and several important issues
still remain open. These issues include but are not limited to:
i Why are high-quality and regular CNTP structures only
formed when the ion flux is present? ii Why do the CNTPsaElectronic mail: kostya.ostrikov@csiro.au.
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appear distinctly separated from each other? iii How do the
process parameters such as the bias and the etching gas com-
position affect the morphological appearance of the nan-
otips? iv Since the CNTP growth requires quite high tem-
peratures, what is the possible role of the surface diffusion,
which was reported as one of the main driving forces of
self-organization of arrays of various carbon nanostructures
synthesized under conditions of low-pressure experiments
yet sidestepped in earlier models of the CNTP growth?34
This article aims to shed more light on these intriguing is-
sues.
In this work, the CNTPs have been grown in a bias-
enhanced hot filament CVD system using methane, hydro-
gen, and ammonia as reaction gases. A thin carbon film has
been predeposited onto a silicon wafer and then subjected to
bombardment by ion fluxes extracted from the hot filament
excitation source using dc bias. The results of the growth
process appear to be markedly different with and without the
presence of the ion flux. The growth process under the
plasma-assisted conditions leads to the formation of high-
quality, high-density arrays of CNTPs with significantly
larger aspect ratios as compared to the case of pure hot fila-
ment deposition, which fails to produce the nanotips. It is
demonstrated that the morphological features of the CNTPs
are intimately related to the plasma-based process param-
eters. Moreover, the existing model of the nanotip growth is
advanced through the incorporation of the effects of the sur-
face diffusion, which resulted in a more realistic criterion for
the shape formation of the CNTPs.
This paper is structured as follows. In Sec. II, the main
experimental details such as the synthesis reactor, process
parameters, and the experimental procedure are described.
Section III presents the results on the relation between the
CNTP morphology and the process parameters, with and
without the plasma generation. The formation model of the
CNTPs incorporating the surface diffusion is detailed in Sec.
IV. Based on this model, in Sec. V, we discuss the effects of
the process parameters on the CNTP growth and propose a
viable approach to produce high-quality CNTP patterns. Fi-
nally, this paper concludes with a brief summary of the re-
sults obtained and the outlook for the future work.
II. EXPERIMENTAL DETAILS
The CNTPs were grown in a bias-enhanced hot filament
CVD reactor, which is similar to the system described in
detail elsewhere.22 The reactor contains three coiled hot
heated to about 1600 °C tungsten filaments for feedstock
gas heating and preionization. A dc bias was applied to the
deposition substrate to draw the ion flux toward the speci-
mens and sustain the plasma discharge by enhancing the ion-
ization of the feedstock gas heated by the filaments. A
Si100 wafer was used as a substrate; the surface tempera-
ture was measured by a thermocouple and estimated to be
800 °C. The distance from the substrate to the filaments
was about 10 mm. A mixture of methane, ammonia, and
hydrogen was used. The working pressure was 4103 Pa
30 Torr. The negative relative to the filaments dc bias is
applied to the silicon substrate through the molybdenum sub-
strate holder.
The silicon wafer has been chemically cleaned with ac-
etone and methanol in an ultrasonic bath for 10 min in each
solvent and then placed in the reactor chamber. After the
chamber was pumped to a pressure lower than 2 Pa, 5 SCCM
SCCM denotes cubic centimeter per minute at STP of am-
monia and 95 SCCM of hydrogen were introduced. When
the pressure reached 4103 Pa, the filaments were heated to
the optimum temperature. After the silicon wafer was heated
to about 800 °C, the dc power supply was turned on. When
the bias current exceeded a certain threshold value which
was 100 mA, a purple glow near the silicon wafer surface
was observed. As the bias current increased, this glow even-
tually covered the entire substrate. The process of substrate
conditioning in the H2+NH3 plasma typically lasted for ap-
proximately 3 min.
Afterwards, NH3 was replaced by 5 SCCM of CH4 car-
bon precursor to deposit a thin carbon film for the growth of
CNTP patterns; a typical duration of this process was 1 h.
The thin carbon film without clearly resolved nanostruc-
tures and CNTP arrays were deposited under exactly the
same conditions except for the negative dc bias which
ranged from 320 to 430 V and the presence of NH3 reactive
gas during the nanotip synthesis process. This gas was used
for etching of the carbon surface, which is critical in the
nanotip formation process. For the sake of consistency, dif-
ferent structures under plasma-on conditions have been com-
pared under the same substrate currents, which are largely
determined by the ion fluxes. To investigate the effect of
hydrogen etching on the growth of CNTPs, the flow ratio of
NH3 and H2 was set to 1:1 and 1:7. The main experimental
parameters are summarized in Table I.
The carbon film was characterized using a Molecular
Imaging-PicoScan™ 2500 atomic force microscope AFM
operated in contact mode. A Hatachi-S3500N scanning elec-
tron microscopy SEM was employed to investigate the
morphological features of the CNTP arrays. A Renishaw-
RM2000 micro-Raman spectrometry was used to obtain the
TABLE I. Main experimental parameters including the gas fluxes, the ratio of NH3 and H2 mass flow rates, the
bias current Ib, the applied bias UC, and the nanostructure growth time t.
No.
CH4
SCCM
NH3
SCCM
H2
SCCM NH3 /H2
Ib
mA
UC
V
t
min
1 20 40 40 1/1 0 0 20
2 20 10 70 1/7 180 320–422 20
3 20 40 40 1/1 180 346–392 20
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Raman spectra of the deposited films with and without the
CNTPs; an Ar-ion laser with a wavelength of 514.5 nm was
used as the excitation source.
III. EXPERIMENTAL RESULTS
Figures 1a and 1b show the AFM image and the
cross-sectional profile recorded along the horizontal line of
the predeposited thin carbon film. It is clearly seen that the
surface is covered by a significant amount of carbon micro-
hillocks.
Figure 2 displays the Raman spectra recorded from the
specimens synthesized under conditions 1 no nanotips, Fig.
3 and 3 nanotips, Fig. 4 in Table I. As one can see in Fig.
2, there are two main D and G peaks located at about 1350
and 1600 cm−1, respectively. The D peak centered at about
1350 cm−1 is associated with the presence of the disordered
graphite phase. One can notice that the G peak is shifted
from its normal value of 1580–1600 cm−1; this is an indi-
cation of the existence of nanocrystalline graphite or
sp2-hybridized clusters.7,16 It is commonly accepted that the
ratio of the intensities of G to D peak quantifies the relative
disorder of the graphitic material in the specimen.7 There-
fore, the weak G peak compared to the D peak in spectrum
a indicates that there is a relatively large amount of amor-
phous carbon in the film. Meanwhile, Fig. 2 also suggests
that the D and G peaks in spectrum b are slightly shifted
toward higher frequencies relative to the corresponding D
and G peaks in spectrum a. The observed shift is an addi-
tional indication of the formation of conical surfaces of the
CNTPs.7,16
Figures 3, 4a, and 4b are the SEM images of the
representative cross-sectional morphology of the specimens
synthesized under the sets of conditions 1, 2, and 3 in Table
I, respectively. All of these structures resemble nanocones;
however, there is a significant difference in their aspect ratios
the height to the width at the bottom of the nanostructure.
Meanwhile, Fig. 3 suggests that only a very small number of
wide and short nanocones are formed without the ion flow.
Representative geometrical characteristics of the conical
structures in Fig. 3 and the nanotips in Fig. 4 are summarized
in Table II.
One can immediately notice that the nanostructures syn-
thesized under conditions 2 and 3 with the presence of ion
fluxes are much sharper, have straight and almost perfect
conical shapes, and feature smaller tips as well as six to eight
times larger aspect ratios compared to the structures grown
without any dc bias applied to the substrate. Another effect
of the ion fluxes is notably higher surface densities of the
FIG. 1. a AFM image and b cross-sectional profile of the carbon film.
The scanning area is 44 m2. The cross-sectional profile was measured
along the white horizontal line in panel a. The hillocks feature relatively
low aspect ratios.
FIG. 2. Micro-Raman spectra of a the carbon film and b CNTPs.
FIG. 3. SEM image of the CNTPs grown without the ion flux.
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CNTPs in the arrays shown in Figs. 3 and 4. This significant
difference can be attributed to the physical sputtering and
reactive chemical etching effects exerted by the ion fluxes.
By analyzing the results in Figs. 4a and 4b and Table II,
one can also observe that the variation in the ratio of NH3
and H2 gas flows from 1:1 to 1:7 resulted in a significant
increase in nanotip heights. In this case, the average CNTP
heights increase from 380 to almost 500 nm. Moreover, the
base widths of the nanostructures become larger when the
effect of hydrogen etching is reduced. This indicates that
reactive hydrogen atoms and ions effectively etch lateral sur-
faces of the nanotips thus making them shorter and thinner,
yet without major changes in the CNTP aspect ratios.
IV. NANOTIP FORMATION MODEL
As we mentioned in the introduction, previous models of
CNTP formation do not include the effects of surface
diffusion.17,30 As can be seen in Fig. 1, the surface of the
carbon film features a large number of microhillocks with
different sizes and shapes. More importantly, these micro-
hillocks form a microscopically curved surface. The surface
diffusion is a major driving force for the evolution of the
surface with a curvature;35 this is why the existing model
should be further improved by incorporating the surface dif-
fusion terms. The importance of surface diffusion increases
with temperature; since the deposition processes were run at
the relatively high surface temperature T=800 °C, one can
anticipate a fairly strong effect of this process on the equi-
librium thermodynamically stable morphology of the car-
bon nanocones.
After the ignition of the plasma discharge, methane, am-
monia, and hydrogen feedstock gases are dissociated and a
range of carbonaceous, nitrogenous, and hydrogen ions are
created. Among these ions, the nitrogenous and hydrogen
ions are the etchant species, whereas the carbonaceous ions
serve for the purpose of CNTP growth.36 Let us now con-
sider a two-dimensional surface shown in Fig. 5 and let the
surface be subjected to ion bombardment. A uniform ion
beam with the flux  in units of ions per unit area per unit
time propagates along the negative z-direction. The deposi-
tion rate of carbon material which can be delivered, e.g., by
CH3
+ ions33 on the surface length element located at the
point with coordinates x, z in Fig. 5 and the erosion rate of
the same surface element along its normal direction are
VD = k

cos  , 1
VS = − HS1 + NS2


cos  , 2
respectively, where  is the ratio of the density of carbon-
aceous ions to the total ion density,  is the density of the
FIG. 4. SEM micrographs of the CNTPs grown with the ion flux under
different ratios of H2 to NH3: a 1/7 and b 1/1.
TABLE II. The top diameter D, height H, bottom width BW, and
aspect ratio R of typical CNTPs in Figs. 3 and 4.
Sample
D
nm
H
nm
BW
nm R
Figure 3 50 150 270 0.55
Figure 4a 20 380 110 3.45
Figure 4b 30–40 485–500 125–140 3.46–4
FIG. 5. A schematic illustrating the evolution process of a lateral surface of
an initially formed microhillock. Here, fx ,z , t=0 and fx ,z , t=0 repre-
sent the surfaces at different time moments and r is the displacement of the
surface fx ,z , t=0 after 	t= t− t.
083303-4 B. B. Wang and K. Ostrikov J. Appl. Phys. 105, 083303 2009
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
131.181.251.130 On: Mon, 14 Jul 2014 01:04:11
carbon film, k is the interaction coefficient of the hydrogen
ions with the carbonaceous ions deposited on the surface
element, and  is the angle of ion incidence. Here, H and N
are the ratios of the densities of hydrogen and nitrogenous
ions used for sputtering/etching to the total ion density, and
S1 and S2 are the sputtering yield of a hydrogen ion
and a nitrogenous ion, respectively.17 When carbon atoms
diffuse on the surface element, the rate of change of the
surface element resulting from the surface diffusion along its
normal direction is given by
VD = −
D0
2
kBT
3
l3
, 3
where D is the surface diffusion coefficient at temperature T,
kB is Boltzmann’s constant, 0 is the density of carbon atoms
in the surface layer, 
 is the atomic volume of carbon,  is
the surface tension, and l is the length measured along the
surface contour.37 Here, the bulk diffusion of carbon species
is not considered because this process is activated only when
the energy of carbon atoms exceeds a certain threshold; this
usually occurs at substrate temperatures exceeding
1300 °C.38 Combining Eqs. 1–3, one can derive the
following expression:
Vn = k − HS1 + NS2	


cos  −
D0
2
kBT
3
l3
,
4
for the growth rate of the surface element along its normal
direction. One can note that the last term originates due to
the surface diffusion; its sign hence the contribution to the
growth rate is determined by the derivative 3 /l3. Follow-
ing the established procedure,37 one can introduce
S = HS1 + NS2 +


D0
2
kBT
3
l3
sec  − k
5
to conveniently rewrite Eq. 4,
Vn = −


Scos  , 6
which gives a complex angle-dependent dependence of the
growth rate. The rates of change of the coordinates x, z of
the surface points, which maintain a constant orientation
relative to the ion flux direction in Fig. 5,
dx
dt
=


dS
d
cos2  , 7
dz
dt
=


dSd sin  cos  − S , 8
have been derived using conventional routines.39 Using Eqs.
7 and 8, it is straightforward to obtain the slope of the
trajectory of the point at any position x, z,
tan  =
dS
d
sin  cos  − S
dS
d
cos2 
, 9
where  varies from point to point along the surface and is
uniquely determined by the angle  between the direction of
the ion flux and the normal to the surface as shown in Fig. 5.
When a nanocone is formed, the angle  should be the same
for all points on the conical surface, i.e.,  /=0. There-
fore, by differentiating Eq. 9 with respect to  and then
equating the result to zero, one can obtain the following con-
dition of the nanocone formation:
k


=


HS1 + NS2 +
D0
2
kBT
3
l3
sec  , 10
which simultaneously incorporates the effects of deposition,
sputtering/etching, and surface diffusion. From Eq. 10 one
can see that a smooth and stable conical surface may be
formed when the above effects are dynamically balanced.
V. DISCUSSION
In the following, we will apply the model of the previous
section Sec. IV to explain the experimental results and ana-
lyze the effects of the process parameters on the growth and
morphological features of the CNTPs reported in Sec. III.
A. Dynamic evolution of microhillocks
As shown in Fig. 1, the initial pattern of microhillocks is
very nonuniform and shows a variety of topographies; some
microhillocks are separate from each other and some are
joined together. Three most typical morphologies of the mi-
crohillocks are shown in Fig. 6a. These three types of the
initial microhillock structures also evolve quite differently
because of the different angular dependences of the sputter-
ing, etching, and diffusion processes. One can show that the
account of the surface diffusion increases the radius of cur-
vature of the surface, which eventually results in smoother
surfaces. This is consistent with the results reported
previously.29,32,37 In the case of the microhillock with the
topography shown in Fig. 6a, its height and bottom width
are quite small, whereas the slope angle near the substrate
surface microhillock bottom is quite large. During the ini-
tial process of CNTP growth, hydrogen ions are the first to
FIG. 6. Schematics of the initial and final morphologies of microhillocks in
three different situations.
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reach the surface of the microhillocks due to their small mass
and high energy.18 The small height and bottom width of the
microhillock in Fig. 6a result in a small radius of curvature
of its “upper” surface. In this case the sputtering/etching ef-
fect is strong because of the relation between the sputtering
yield and the angle of incidence of the ion beam shown in
Fig. 7.40 Near the bottom of the microhillock, the large slope
angle leads to the strong erosion of carbon material com-
pared to other parts of the microhillock; hence, the radius of
curvature is further reduced. As a result, carbon material dif-
fuses toward the bottom with the rates proportional to
3 /l3sec  here it is noted that 3 /l3sec  is larger
than 3 /l3. Despite continuous deposition of carbon-
aceous ions onto the microhillock surfaces, the as-deposited
ions also diffuse and spread out along the substrate. This
finally leads to almost complete disappearance of the micro-
hillock in Fig. 6a and the formation of the quasiplanar ob-
ject sketched in Fig. 6a.
On the other hand, the height and bottom width of the
microhillock in Fig. 6b both increase to result in a larger
radius of curvature and a smaller slope angle; this eventually
leads to the weaker sputtering and surface diffusion. As a
result, the deposition of the carbonaceous ions dominates
during the initial growth stage of the CNTPs. The deposition
of carbon-bearing ions in turn increases the slope angle of
the microhillock. Therefore, the radius of curvature of the
surface of the microhillock also increases and the sputtering/
etching effects become even more effective. One can also
calculate that as the angle  increases, the rates of the surface
diffusion decrease. Thus, the deposition of the carbonaceous
ions results in weakening of the surface diffusion. When the
rates of the deposition become balanced by the rates of the
surface sputtering/etching and diffusion, a conical surface is
formed as shown in Fig. 6b.
The last typical morphology in Fig. 6c will tend to
eventually evolve into two separate CNTPs or a joint struc-
ture formed by two overlapping nanotips as shown in Fig.
6c. This is likely to happen because the slope angles in the
valley separating the two microhillocks are large; the effects
of the sputtering/etching are expected to be particularly
strong in those areas. The above qualitative analysis explains
why small dome-shaped microhillocks disappear whereas
larger either initially separate or joined together micro-
hillocks can form isolated CNTPs, which appear most fre-
quently in the SEM cross-sectional micrographs in Fig. 4.
B. Effect of the ion flux on the nanotip
morphology
The results in Table II clearly suggest that the aspect
ratios of the CNTPs are much smaller in the process without
the ion flux. It is quite possible that the growth mechanisms
of the nanotips are quite different under these two different
sets of conditions. As shown in Fig. 1, the carbon film is
composed of the microhillocks with different curvatures,
which results in highly nonuniform distribution of the sur-
face chemical potential.37 This in turn leads to the enhanced
adatom diffusion and ultimately smoother surfaces.32,35,37 In
the absence of the plasma and the associated ion fluxes, the
reaction gases are decomposed by the heated filaments; the
main decomposition reactions are
CH4→ CH3 + H, 11
H2→ H + H, 12
NH3→ NH2 + H. 13
After the radicals and atoms deposit on the surfaces of the
microhillocks, the following reactions occur on the
surfaces:26
CH3 + CH3→ C2 + H2↑ , 14
CH3 + H→ C + H2↑ , 15
CH3 + NH2→ CN + H2↑ . 16
Reactions 15–17 occur on the dynamically reshaping sur-
faces of the microhillocks and lead to effective extraction of
molecular hydrogen. Simultaneously, atomic hydrogen
etches amorphous carbon; however, this effect is much
weaker at surface temperatures above 530 °C Ref. 41 and
can be neglected in our process conducted at the surface
temperature of 800 °C. In the absence of any significant sur-
face sputtering which is very strong when the plasma is
produced, the formation of conical surfaces implies that the
deposition, etching, and surface diffusion processes are bal-
anced.
Another major difference in the cases with and without
ion fluxes is in the average energy with which carbonaceous
species arrive at the surface. In the purely hot filament case,
the energy of CH3 radicals is determined by the temperature
of the heated filaments; it is much lower compared to the
energy of carbonaceous ions driven by the electric field.
These low-energy species are able to rapidly diffuse along
the surfaces; this is why the surface of the carbon film in Fig.
3 appears to be smoother than in Fig. 4. Moreover, the nan-
otips formed under the no-plasma condition feature low as-
pect ratios. As can be seen in Fig. 1, the microhillocks are
very nonuniform in height; shorter microhillocks have
smaller radii of the surface curvature. The latter in turn leads
to substantially higher chemical potentials of the micro-
FIG. 7. The dependence of the sputtering yield on the angle of incidence of
the ion flux. Here, p is the critical angle when the sputtering rates reach the
maximum values.
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hillock surfaces and significantly enhanced diffusion, which
eventually smoothens the surface over large areas Fig. 3.
The nanotips formed without the ion flux presumably evolve
from relatively large microhillocks in the pattern shown in
Fig. 1.
When plasma is produced, the removal of material from
the developing surface is largely determined by the rapid
sputtering caused by the ion flux. Meanwhile, the deposition
of carbonaceous ions is also fast due to their relatively high
energy. The nanocone formation occurs under strongly non-
equilibrium conditions dominated by the competition of the
deposition and sputtering processes. Under such conditions,
surface diffusion is effective only within small surface areas
mostly associated with individual nanocones. As a result, a
large number of separated nanocones with smooth surfaces
and relatively large aspect ratios are formed as can be ob-
served in Fig. 4.
From the above analyses, we can conclude that the den-
sity of the carbon nanocones can be effectively changed by
adjusting the roughness of the predeposited carbon film. In-
deed, when the roughness of the carbon film is high, the
number of the microhillocks per unit area is smaller than for
the smoother surfaces.19 Hence, the density of the CNTPs
can be increased by using smoother carbon films with lower
surface roughness. Since the roughness of the carbon film
can be effectively controlled during the deposition
process,7,19 this offers the possibility to control the density of
the CNTPs.
C. Influence of deposition parameters on the
morphology and growth of the CNTPs
As we have seen from Sec. IV, process parameters such
as the surface temperature, dc bias, gas pressure, and com-
position exert significant effects on the morphological fea-
tures and growth rates of the carbon nanostructures of our
interest. Below, these effects are discussed in more detail.
1. Effect of surface temperature
The diffusion coefficient is related to the surface tem-
perature through
D  exp− EdkBT ,
where Ed is the diffusion activation energy;32 in our case it is
approximately 1.6 eV.21 When the surface temperature is in-
creased from 600 to 900 °C, the contribution from the dif-
fusion term in Eq. 10 can increase by approximately 150
times. However, extraction of hydrogen described by reac-
tions 14–16 requires a significant amount of heat; this
may lead to a less significant increase in the surface diffusion
rates. The significance of the surface diffusion effect in this
temperature range is consistent with the results of Vish-
wakarma et al.42 When the surface temperature is sufficiently
high to maintain reasonably high rates of hydrogen extrac-
tion and surface diffusion, high-quality carbon nanostruc-
tures are expected.43 Meanwhile, higher rates of dehydroge-
nation reactions may lead to a larger number of adsorption
sites for the carbonaceous ions; this further enhances the
growth of the CNTPs.
However, care should be taken not to increase the sur-
face temperature too much. Indeed, excessively high tem-
peratures may lead to intense desorption and evaporation of
the adsorbed carbonaceous ions; this may negatively affect
and even terminate the nanostructure growth process. Con-
versely, if the CNTPs are grown at a low temperature, the
growth rate will also be low and a quite significant amount of
hydrogen can be retained in the nanotips due to relatively
strong diffusion of hydrogen in carbon in the temperature
range 600–800 °C.43,44 The surface temperature also influ-
ences the aspect ratio of the CNTP structures; an increase in
the temperature within the 600–900 °C range can lead to
higher aspect ratios, mostly because of the higher growth
rates and very nonequilibrium conditions.
Summarizing the discussions in this subsection, we can
therefore state that the optimum temperature range for the
synthesis of high-quality CNTPs belongs to the range
800–850 °C. The surface temperature can be further in-
creased through the heat associated with ion bombardment
and recombinative interaction of reactive radicals with the
surface.45,46
2. Effect of gas pressure and substrate bias
The effects of the working gas pressure and the dc bias
of the substrate on the CNTP morphology and growth are
mostly determined by the energy of the plasma ions. A varia-
tion in either of these process parameters can significantly
affect the ion energy. It is known that when the plasma is
generated, a cathode sheath near the cathode is formed; how-
ever, the change in gas pressure can cause a change in the
sheath thickness L and the mean free path of ions . As a
result, the energy of ions, which is a complex function of the
ratio  /L,47 is also changed. The results of Godet et al.48
show that  /L decreases with increasing gas pressure; hence,
ion energy is reduced, which leads to the lower deposition
rate and the sputtering yield.49 However, the diffusion of the
ions deposited on the surface may be enhanced; this is quan-
tified by the weaker effect of the term 3 /l3sec  as more
carbonaceous ions arrive to the surface. As a result, the
growth rate of the CNTPs decreases, which in turn results in
smaller nanotip heights relative to their base widths.
Our experimental results suggest that it is quite difficult
to generate the plasma under high-pressure conditions. If the
pressure is too high, the plasma is not sustained effectively
and the ions experience a very large number of collisions
before reaching the surface. In this case, the CNTPs cannot
be grown and the surface of the carbon film has the topog-
raphy similar to Fig. 3. On the other hand, lower operating
pressures result in higher growth rates and larger aspect ra-
tios of the nanotips. Ion bombardment can also enhance sur-
face diffusion processes;11,50,51 however, since a large
amount of heat is required to sustain surface dehydrogena-
tion, the effect of ion bombardment on surface diffusion may
not be particularly significant. However, if the pressure is
very low so that the energy of ions is high enough to produce
the effect of a thermal spike, the CNTPs cannot be formed as
well because the diffusion is very strong in this case.38
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The effect of the dc surface bias turns out to be quite
similar to the effect of the working gas pressure. Indeed, an
increase in the negative bias leads to stronger fluxes and
higher energies of the ions impinging on the surface. This is
why the effect of the higher substrate bias is similar to the
effect of the lower pressure. The value of the dc bias should
be optimized to produce the required surface roughness of
the predeposited carbon film. It has been reported
previously52 that bombardment of carbon surfaces with the
ions in the 35–45 eV energy range produces surface micro-
texture quite similar to what is required for the synthesis of
the CNTPs in this work. Therefore, the operating gas pres-
sure and the substrate bias should be set to generate the
fluxes of carbonaceous ions with the energy in this range.
3. Effect of the reactive gas ratio
As can be seen in Fig. 4, different ratios of the inflow
rates of the hydrogen and ammonia reactive gases lead to
quite different morphologies of the nanotips. It is reasonable
to assume that this effect may be due to the changes in the
ion energies. One should also note that when the ratio of the
ammonia to hydrogen mass flow rates increases, the energy
of NH3
+ ions is increased and the energy of the hydrogen ions
mostly H2
+ and H+ is reduced.18 According to Sigmund’s
sputtering theory, the relation of the sputtering yield of car-
bon material with the energy of impinging ions is
S =
3
42
43mimC
mi + mC2
E
EB
cos −f ,
where 3 and f are constants depending on the ion energy
and mC /mi, EB is the binding energy of carbon in the film,
and mC and mi are the masses of carbon atoms and the ionic
species, respectively.49 Here, f =1 for hydrogen ions and f
1 for ammonia ions.49 Thus, with the increase in the ratio
of ammonia to hydrogen, the sputtering of hydrogen ions on
the surface is weakened and the sputtering of ammonia ions
is enhanced. Since a significant number of hydrogen ions are
used in the dehydrogenation reactions with the carbonaceous
ions and the sputtering yield of hydrogen ions is quite low,
the actual sputtering is enhanced with the increase in the
ratio of ammonia to hydrogen precursor gases.
Hence, stronger sputtering results in more surface sites
available for bonding of the deposited carbonaceous ions,
which in turn leads to higher growth rates and eventually in
larger aspect ratios of the nanotip structures. This also ex-
plains why the aspect ratios of the CNTPs in Fig. 4a are
smaller than of the nanotips depicted in Fig. 4b.
VI. CONCLUSION
In this paper, CNTPs have been synthesized by using a
dc bias-enhanced hot filament CVD under different deposi-
tion conditions. The experimental results revealed that the
morphology of the CNTPs can be effectively controlled by
varying the parameters of the ion fluxes impinging on the
carbon film surface. In particular, higher aspect ratios of
conical CNTP structures can be achieved when a dc bias is
used and the ratio of the reactive hydrogen and ammonia
gases is higher. More importantly, the dc bias-directed ion
fluxes from the area around the hot filament turn out to be
essential for the creation of arrays of conical CNTPs.
We also proposed the nanotip formation model, which
accounts for the major processes that control the shaping
mechanism of the nanotips on plasma-exposed surfaces.
These mechanisms include sputtering, etching, deposition,
and surface diffusion. Using this model, we interpreted the
effects of the most important process parameters such as the
operating gas pressure, substrate bias, surface temperature,
and the ratio of reactive gas flows on the morphology of the
CNTPs. These results led to reasonable suggestions for the
design of highly controlled and predictable experiments on
the ion/plasma-assisted hot filament-based synthesis of ar-
rays of CNTP structures with the required morphological
features.
Future work will focus on exploring the possibilities of
using ion fluxes and other low-temperature plasmas to re-
duce the synthesis temperature, which in this case was quite
high because of the radiative and electron heating of the
substrate due to the hot filament effect. Finally, the conclu-
sions and approaches of this work can be used for the devel-
opment of new nanoscale synthesis techniques and processes
based on reactive low-temperature plasmas and low-energy
ion fluxes.
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